Cardiovascular disease is the most common cause of death in Germany (38.5%) followed by cancer (25%; \[[@CR1]\]). Cardiovascular disease and cancer share common risk factors, e.g., smoking, diabetes mellitus, and age. Hence, a significant portion of patients are affected by both diseases. With improvements in cancer therapy and subsequently increased numbers of long-term cancer survivors, cardiovascular side effects related to cancer therapy are a health concern of increasing importance considering their significant impact on morbidity and mortality \[[@CR2]\]. Cancer and heart disease are closely related in terms of pathophysiology and influence on each other \[[@CR3]\]. While the induction of cardiovascular diseases by cancer and cancer therapy has already been extensively characterized, there are now indications that cancer itself can be promoted by heart diseases \[[@CR3]\]. Oncocardiology aims to identify mechanisms that lead to cardiovascular diseases through cancer and cancer therapy, to establish appropriate diagnostic measures, and to identify the best possible therapy to reduce the burden of cardiovascular disease in cancer patients \[[@CR4]\].

The novel field of oncocardiology has gained recognition within the medical and scientific community. Scientific effort has raised awareness of this field, particularly among oncologists and cardiologists. During the past 4 years, the number of annual PubMed-listed scientific publications dealing with "oncocardiology" has more than doubled. Specialist societies, including the European Society of Cardiology (ESC) and the German Society of Cardiology (DGK), have established oncocardiology working groups \[[@CR5]\]. Importantly, a joint working group was also initialized within the German Society for Hematology and Medical Oncology (DGHO) and the DGK as an effort to improve interdisciplinary cooperation. Specialized oncocardiology units have been embedded at centers with a large cardiologic and oncologic focus \[[@CR5]\].

Despite growing recognition and advances in scientific research, significant gaps of knowledge can still be found among specialized personnel involved in this discipline. A recent international survey on healthcare providers' knowledge on oncocardiology identified in particular profound differences regarding the definition, monitoring, and treatment of cancer therapy-related cardiotoxicity \[[@CR6]\]. Particularly, only 45.8% of oncologists interviewed believed that oncocardiology clinics could improve patients' outcome \[[@CR6]\]. In light of the considerable relevance of providing the best possible care for the growing patient population, the results indicate persisting deficits and call for more educational and scientific effort in the field of oncocardiology. Complete integration into the medical care system and evaluation within the current socioeconomic context is mandatory for future progress. In the following, recent advances in oncocardiology are summarized and the necessary scientific effort and structural improvements to facilitate the best-possible oncocardiology care are outlined.

Cardiotoxicity of new substances {#Sec1}
================================

Anthracyclines (e.g., doxorubicin, daunorubicin) are widely regarded as the prototype of cardiotoxic cancer therapy \[[@CR7]\]. They were identified as one of the first chemotherapeutic agents in 1963 and were first applied for the treatment of leukemia and solid tumors shortly thereafter \[[@CR8]\]. Anthracyclines continue to be a cornerstone of modern cancer therapy and represent integral parts of systemic cancer therapy, including the standard form of adjuvant therapy in breast cancer, which is the cancer with the highest incidence in Germany \[[@CR2]\]. Anthracyclines are associated with a significant risk of cardiotoxic side effects, with left ventricular (LV) dysfunction and consecutive manifest heart failure as the most important form considering their profound impact on short- and long-term morbidity and mortality \[[@CR9]\].

During the past two decades, targeted therapeutics have been developed and are increasingly applied in cancer therapy. By specifically targeting cancer-specific aberrant signaling or biochemical mechanisms, this new form of therapy aims for better anti-cancer efficacy while simultaneously reducing systemic side effects. The first evidence of significant cardiotoxicity from a widely used targeted therapy was found for trastuzumab, an inhibitor of human epidermal growth factor receptor 2 (HER2) that is broadly used in the treatment of HER2-positive breast cancer. Patients receiving trastuzumab are at risk of LV dysfunction in 7--34% of cases, and concomitant use of anthracyclines appears to augment the cardiotoxic potential of both agents \[[@CR2], [@CR4]\]. Significant progress in the development of new drugs has led to the increasing use of targeted therapeutics with great improvements in morbidity and mortality, but the increased use has unmasked various forms of side effects, including severe cardiovascular toxicities (Fig. [1](#Fig1){ref-type="fig"}; \[[@CR10]\]). Considering the broad application and rapid progress in the field of targeted therapeutics together with the growing number of long-term survivors after cancer therapy, in-depth knowledge of the cardiotoxic side effects of specific classes of targeted therapies is essential for the best possible oncocardiology treatment. Identifying relevant cardiovascular toxicities and appropriate preventive measures will be the most important challenge for oncocardiology in the future.Fig. 1Illustration of various cancer therapeutics with known cardiovascular side effects. *Green*, conventional cancer therapy; *blue*, targeted cancer therapy. *BRAF* mutated rapidly accelerated fibrosarcoma kinase B, *EGFR* endothelial growth factor receptor, *HER2* human epidermal growth factor receptor 2, *MEK* mitogen-activated protein kinase kinase, *VEGF* vascular endothelial growth factor receptor

Immune checkpoint inhibitors {#Sec2}
----------------------------

Immune checkpoint inhibitor (ICI) therapy induces an anti-tumor immune reaction by blocking immune-inhibitory signaling via the programmed death 1 (PD1), or T‑lymphocyte associated protein 4 (CTLA4) pathways \[[@CR11]\]. The survival rate of various cancers has been greatly improved thanks to ICI therapy, particularly melanoma and non-small cell lung cancer. However, ICI therapy is associated with the risk of autoimmune-triggered immune-related adverse events (irAEs), including a significant risk of cardiotoxicity. The most recognized form is ICI-related myocarditis, which is found in 1--2% of treated patients with a fatality rate of 27--46% due to the high rate of cardiogenic shock and severe arrhythmia \[[@CR11]\]. Increasing use of ICI therapy has unmasked further cardiotoxic side effects, including subclinical LV dysfunction or elevations in cardiac troponin, takotsubo syndrome, and pericardial disease \[[@CR12]\]. Cardiac irAEs are commonly treated by immunosuppressive therapy. It is currently unclear whether it is safe to re-initiate a potentially life-saving ICI therapy after the resolution of cardiac adverse events \[[@CR12]\]. Future research is needed to determine the underlying pathomechanisms and to identify a specific therapy for cardiovascular side effects without compromising the anti-cancer efficacy.

VEGF inhibitors {#Sec3}
---------------

Inhibitors of the vascular endothelial growth factor (VEGF) receptor such as bevacizumab are used in various forms of solid cancers, including colorectal carcinoma, non-small cell lung cancer, and renal cell cancer. These inhibitors decrease tumor growth by inhibiting intra-tumoral angiogenesis. They are associated with a dose-dependent risk of arterial adverse events including cardiac ischemia, venous thromboembolism, and arterial hypertension \[[@CR13]\]. Cardiotoxic effects are dependent on the type of cancer and the stage of disease. Decreased endothelial generation of nitric oxide is hypothesized as a potential underlying pathomechanism. Interestingly, arterial hypertension may serve as a surrogate parameter for monitoring an effective VEGF inhibition and response to therapy as it is considered a direct, on-target effect on VEGF signaling \[[@CR14]\]. Oncocardiology care of patients receiving VEGF inhibitors focuses on optimal control of arterial hypertension to reduce the risk of major adverse events. The potential benefits of thromboprophylaxis remain controversial due to the higher bleeding risk linked to VEGF inhibitors \[[@CR15]\].

BRAF and MEK inhibitors {#Sec4}
-----------------------

Inhibitors of mutated rapidly accelerated fibrosarcoma kinase B (BRAF), e.g., dabrafenib and vemurafenib, and inhibitors of mitogen-activated protein kinase kinase (MEK), e.g., trametinib and cobimetinib, are used for melanoma therapy. As combination therapy, BRAF and MEK serine/threonine protein kinase inhibitors have improved survival rates in metastatic disease in the presence of the BRAF-V600 mutation \[[@CR16]\]. However, both classes of drug are associated with a high risk of cardiovascular adverse events that are more commonly found when they are used as combination therapy. Adverse effects include LV dysfunction, pulmonary embolism, and arterial hypertension \[[@CR15]\]. Currently, a combination of BRAF-/MEK-inhibitor therapy and ICI therapy targeting PD1 is under clinical evaluation \[[@CR17]\]. It is clearly expected that this form of combination therapy may exhibit a complex pattern of cardiovascular side effects that requires oncocardiologic surveillance.

Proteasome inhibitors {#Sec5}
---------------------

The proteasome inhibitor carfilzomib improved treatment of multiple myeloma but large-scale application has revealed cardiotoxicity in 8.7% of treated patients, particularly with arterial hypertension and cardiac failure in 6--8% of cases \[[@CR18]--[@CR20]\]. Although the underlying pathomechanism has not been elucidated, proteasome inhibitor-associated perturbation of endothelial nitric oxide synthase (eNOS) has been hypothesized to facilitate cardiovascular dysfunction \[[@CR21]\]. Additionally, a direct effect on cardiac protein homeostasis has been demonstrated in a preclinical model \[[@CR22]\]. Risk factors for cardiotoxicity (e.g., diabetes mellitus, poorly controlled arterial hypertension, known history of heart failure) should be assessed at baseline. Echocardiography is recommended at every two to three cycles. Monitoring of brain natriuretic peptide (BNP) levels is recommended for patients who are at increased cardiac risk. Elevation of BNP (\>400 pg/ml) is associated with higher rates of hospitalization for cardiovascular adverse events \[[@CR21]\]. Metformin may exhibit a preventive effect, but prospective clinical data are still warranted \[[@CR22]\].

Bruton kinase inhibitors {#Sec6}
------------------------

Ibrutinib is an inhibitor of Bruton tyrosine kinase. It is used for treatment of chronic lymphocytic leukemia, mantle cell lymphoma, and Waldenström macroglobulinemia. Patients receiving ibrutinib therapy are at risk of atrial fibrillation (AF) with a cumulative incidence of up to 11%. Additionally, ibrutinib induced new-onset arterial hypertension in 71.6% of ibrutinib users, consequently predisposing them to major cardiovascular events \[[@CR23]\]. In a recent phase-III trial on ibrutinib together with the CD20 inhibitor rituximab for chronic lymphatic leukemia, the combination therapy showed a twofold higher incidence of severe cardiovascular events compared with chemoimmunotherapy \[[@CR24]\]. Despite this finding, FDA approval was granted in April 2020 \[[@CR25]\].

It is hypothesized that inhibition of phosphoinositide 3‑kinase (PI3K) in cardiomyocytes by ibrutinib induces AF \[[@CR26]\]. Therefore, ECG is recommended at baseline and every 3 months thereafter or when symptoms occur \[[@CR27]\]. Importantly, ibrutinib interacts pharmacologically with several common cardiac drugs via cytochrome P3A4 and the P transporter, e.g., dabigatran, calcium antagonists, amiodarone, and digitoxin \[[@CR28]\]. It exhibits a platelet aggregation defect and is associated with an increased incidence of central nervous system hemorrhagic events \[[@CR28]\]. Elevated bleeding risk can be further augmented by oral anticoagulation that is introduced following new-onset AF.

New imaging in oncocardiology {#Sec7}
=============================

Despite a robust body of evidence on anthracycline-related cardiotoxicity, diagnosis often remains challenging due to suboptimal diagnostic tools. Echocardiography is the diagnostic gold standard in oncocardiology. Left ventricular ejection fraction (LVEF) serves as the main parameter for detecting changes in LV function \[[@CR4]\]. However, manifest changes in LVEF are found at an advanced stage of myocardial impairment due to cancer therapy, and may not be entirely reversible. It is crucial to detect early, subclinical changes in LV function during cancer therapy so as to initiate cardioprotective measures before manifest heart failure develops \[[@CR9]\]. Myocardial strain is thought to meet this requirement by offering a method for detecting early changes before heart function deteriorates, and it has been evaluated in various studies. As demonstrated in a new meta-analysis, aggregate evidence confirms a good prognostic performance of global longitudinal strain for subsequent LV dysfunction from anthracycline therapy with or without trastuzumab \[[@CR29]\]. Combining assessment of cardiac troponin and strain analysis further augments the sensitivity of predicting manifest cardiotoxicity \[[@CR9], [@CR30]\].

While a robust body of evidence covering LV function during cancer therapy is available, the characteristics and clinical relevance of right ventricular (RV) impairment are poorly understood. Right ventricular dysfunction upon cancer therapy is more common in cancer survivors than LV dysfunction and develops 6--7.5 months after exposure to anthracyclines and/or trastuzumab with a dose-dependent incidence \[[@CR31]\]. Three-dimensional assessment of RV volumes including the assessment of RV strain may represent a beneficial tool for the evaluation of chemotherapy-related RV dysfunction and has yielded consistent results, but it is not yet broadly applied in standardized echocardiographic examinations \[[@CR32]\]. Future studies are needed to determine appropriate cutoff values and recommendations for the use in oncocardiology \[[@CR31]\].

Nuclear cardiology offers a wide array of diagnostic possibilities and may become indispensable as a diagnostic tool in oncocardiology. Fluorodeoxyglucose positron emission tomography computed tomography (^18^FDG-PET/CT) shows enhanced myocardial ^18^FDG-uptake in patients exposed to anthracycline chemotherapy as a sign of oxidative stress and alterations in cardiac metabolism \[[@CR33]\]. Distinct patterns of ^18^FDG uptake, particularly including the RV, have been associated with anthracycline cardiotoxicity. Furthermore, ^18^FDG-PET/CT offers an elegant approach for a simultaneous assessment of cardiac involvement and tumor response to therapy \[[@CR33]\]. Cardiac iodine-123 meta-iodobenzylguanidine (^123^I‑mIBG) scintigraphy is a novel approach for imaging dysregulated presynaptic norepinephrine homeostasis as a prognostic marker in heart failure. Early evidence proposes increasing ^123^I‑mIBG washout as a marker for myocardial compensation to cardiotoxic injury from anthracycline exposure \[[@CR34]\]. Future studies are warranted to assess the promising potential of nuclear imaging in oncocardiology.

Excursus: oncocardiology during COVID-19 {#Sec8}
========================================

The present coronavirus disease 2019 (COVID-19) pandemic requires an evaluation of the overall risk associated with the two largest health burdens, cardiovascular disease and cancer. COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense single-stranded RNA virus, and induces a variety of symptoms ranging in severity through to acute respiratory distress syndrome (ARDS). Cancer and cancer therapy are important risk contributors for immune deficiency that may be aggravated by cardiovascular risk factors and diseases known to weaken the immune system, such as diabetes mellitus, advanced age, and heart failure. Patients with underlying cardiovascular disease and cancer are at an increased risk of life-threatening complications from COVID-19 due to poor tolerance of a decreased respiratory capacity, and they account for a large proportion of COVID-19-related deaths. Hence, oncocardiology patients are considered as a particularly vulnerable collective (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Risk factors for coronavirus 2019 (*COVID*-*19*) in oncocardiology. Shared risk factors, cancer-associated risk factors, and risk factors from cardiovascular disease (*CV*) predisposing to COVID-19 infections with adverse outcomes are depicted

Angiotensin-converting enzyme 2 (ACE2) is a membrane-bound receptor that plays a crucial role in cardiovascular physiology and disease, and has been identified as a functional receptor for SARS-CoV‑2 \[[@CR35]\]. Through the use of spike proteins, the virus binds to the ACE2 receptor and enters the cell. The ACE2 receptor can be upregulated in patients with cardiovascular disease, particularly during ACE inhibitor therapy. According to anecdotal evidence, this mechanism can result in a systemic viral vasculitis including the cardiac vasculature with currently unknown consequences \[[@CR36]\]. It is under investigation whether this mechanism promotes uptake of virus particles and whether ACE inhibitor therapy affects the disease phenotype \[[@CR35]\].

Cardiac involvement during a COVID-19 infection predicts adverse outcome; particularly myocardial injury from COVID-19 with increased levels of high-sensitivity cardiac troponin can be seen in a significant proportion of patients (\>12% of the first 41 diagnosed patients from Wuhan; \[[@CR35]\]) and predisposes them to a severe course of disease with the need for intensive care treatment. It is furthermore expected that SARS-CoV‑2 can cause viral myocarditis analogous to the reports on Middle East respiratory syndrome (MERS) coronavirus infection \[[@CR37]\].

Oncocardiology care is severely affected by the current COVID-19 pandemic. Potential delays in antineoplastic therapy or elective surgery, as well as logistic restrictions for outpatient care, challenge the best possible diagnostic and therapeutic care in oncocardiology. Determining whether certain medical measures are elective or urgent may be difficult in individual cases, particularly when doctor--patient contact is restricted due to measures of infection prevention \[[@CR38]\]. This can be aggravated by patients misjudging life-threatening symptoms to avoid a hospital visit in order to prevent COVID-19 infection, as has already been shown for acute myocardial infarction and stroke \[[@CR39]\].

The COVID-19 pandemic is an opportunity for the role of telemedicine in oncocardiology \[[@CR40]\]. By using digital health technology including virtual patient visits and remote data monitoring, telemedicine provides an opportunity to maintain effective, patient-centered oncocardiology surveillance while avoiding hospital visits. Particularly for routine follow-ups, telemedicine might offer a valuable option during the time of the pandemic and beyond \[[@CR40]\].

Future requirements {#Sec9}
===================

The growing number of long-term cancer survivors is a challenge, but also an opportunity for healthcare. Rapid progress in the field of oncology research and drug development leading to new substances with improved efficacy but also new cardiovascular side effects requires a high-quality care. The ESC has outlined requirements for oncocardiology in their 2016 Position Paper on cancer treatments and cardiovascular toxicity, but standardized oncocardiology guidelines are not available so far \[[@CR4]\]. With the establishment of a consensus paper by the DKG, a significant step toward constant, high-quality oncocardiology care in Germany has been taken.

Persisting deficits regarding recognition and knowledge of oncocardiology in the medical community indicate that training and educational programs are of great importance \[[@CR6]\]. Particular in the field of oncocardiology, a profitable interdisciplinary cooperation between cardiologists and oncologists is mandatory for satisfactory patient care.

Technology platforms, electronic consultations, and services via mobile devices can serve to improve follow-up of oncocardiology patients, particularly in the outpatient setting and for routine oncocardiology check-ups. Embedding knowledge from behavioral economics with telemedicine can have a positive effect on medical care and improve healthy behavior \[[@CR41]\]. Easy accessibility to digital healthcare services including oncocardiology may serve as an innovative approach for better patient-centered care. Significant technical and structural prerequisites must be addressed in order to promote the great potential of telehealth for oncocardiology \[[@CR41]\].

Finally, future scientific efforts to characterize cardiovascular disease in cancer patients and its underlying pathomechanisms, as well as the best possible treatment strategies, are an integral part of successful oncocardiology care. This includes basic science research with appropriate preclinical models, as well as prospective clinical trials to provide evidence for diagnostic and therapeutic approaches. In this context, the standardized recording of cardiovascular side effects in phase I--III studies for new cancer therapeutics is of utmost importance in order to detect and characterize associated cardiovascular toxicity that requires oncocardiology management.

Conclusion {#Sec10}
==========

Patients with cancer are at increased risk of cardiovascular disease, which contributes to significant morbidity and mortality. Advances in the field of oncological treatments have led to an ever-growing number of long-term cancer survivors, and care for cardiovascular complications is thus becoming ever more important. Moreover, the establishment of new oncological therapies has resulted in the identification of previously unknown cardiovascular side effects. Oncocardiology aims to detect and treat cardiovascular diseases associated with cancer and cancer therapy. Continuous scientific, clinical, and structural developments are necessary as the basis for the best care of affected patients.
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